Maraviroc (MVC) is a CCR5 antagonist that inhibits HIV-1 entry by binding to the coreceptor and inducing structural alterations in the extracellular loops. In this study, we isolated MVC-resistant variants from an HIV-1 primary isolate that arose after 21 weeks of tissue culture passage in the presence of inhibitor. gp120 sequences from passage control and MVC-resistant cultures were cloned into NL4-3 via yeast-based recombination followed by sequencing and drug susceptibility testing. Using 140 clones, three mutations were linked to MVC resistance, but none appeared in the V3 loop as was the case with previous HIV-1 strains resistant to CCR5 antagonists. Rather, resistance was dependent upon a single mutation in the C4 region of gp120. Chimeric clones bearing this N425K mutation replicated at high MVC concentrations and displayed significant shifts in 50% inhibitory concentrations (IC 50 s), characteristic of resistance to all other antiretroviral drugs but not typical of MVC resistance. Previous reports on MVC resistance describe an ability to use a drug-bound form of the receptor, leading to reduction in maximal drug inhibition. In contrast, our structural models on K425 gp120 suggest that this resistant mutation impacts CD4 interactions and highlights a novel pathway for MVC resistance.
H
IV-1 entry into host cells is a complex process characterized by three distinct stages: viral attachment to CD4, coreceptor (CCR5 or CXCR4) binding, and membrane fusion. The viral envelope spike is comprised of trimer of heterodimer subunits of extracellular glycoprotein (gp120) and transmembrane gp41 held together by noncovalent interactions and disulfide bridging (1) . During entry, binding of gp120 to CD4 induces conformational changes in the envelope, exposing a coreceptor binding site. Models of these interactions suggest that multiple regions in gp120 are involved with coreceptor binding. The tip of the third variable loop (V3 loop) of gp120 interacts with the second extracellular loop of the coreceptor (ECL2), while the N terminus of the coreceptor interacts with the V3 loop stem, the bridging sheet (between the V1-V2 stem), and the fourth conserved region (C4) of gp120 (2, 3) . Coreceptor engagement drives further conformational changes which result in insertion of gp41 fusion peptide (4) , formation of the gp41 six-alpha-helix bundle (5) , viral and host cell membrane fusion, and release of the viral RNA-containing core into the cell cytoplasm.
As the newest class of antiviral compounds targeting HIV-1 infection, small-molecule entry inhibitors represent a novel generation of drugs targeting a host cell protein rather than an enzymatic process unique to the virus. Although the development of entry inhibitors includes compounds targeting gp41 (T20) as well as gp120 (chemokine derivatives, monoclonal antibodies [MAbs], CD4-IgG2), the observation that naturally occurring polymorphisms in CCR5 can render homozygous individuals resistant to R5-tropic HIV-1 infection (6) (7) (8) inspired the development of small-molecule inhibitors of CCR5. CCR5 is the main coreceptor for HIV strains transmitted between individuals and that predominate in early infection. Thus, occluding gp120 engagement of CCR5 was an attractive target for drug development (9) . Maraviroc (MVC) became the first, and so far only, FDA-approved smallmolecule HIV inhibitor/CCR5 antagonist for use in HIV-infected patients. Other CCR5 antagonists, agonists, and binding antibodies reached various stages of preclinical and clinical development but were eventually abandoned due to off-target complications (10) , poor pharmacodynamics and pharmacokinetics (11) , and difficulties in screening appropriate patients for treatment due to FDA requirements to counterscreen for CXCR4-using HIV-1 (12, 13) .
Maraviroc is an imidazopyridine that binds a hydrophobic transmembrane cavity of CCR5, altering the conformation of the extracellular loops of the receptor and disrupting chemokine binding as well as interactions with the gp120 envelope glycoprotein (14, 15) . Vicriviroc (VCV), AD101, TAK-779, and aplaviroc (APL) are additional small-molecule CCR5 inhibitors that bind a transmembrane region similar to that bound by maraviroc and likewise induce altered receptor conformations (15) . HIV-1 resistance to such inhibitors is likely to entail unique escape mechanisms given that a host receptor, not a viral enzyme, is the drug target. Potential pathways of resistance to these inhibitors include coreceptor switching to CXCR4-using viruses (16) , increased affinity and binding to CD4 and/or CCR5 (17, 18) , use of inhibitorbound conformations of CCR5 (19, 20) , and increased kinetics of membrane fusion (21) . Although outgrowth of CXCR4-using virus remains a concern for the therapeutic administration of CCR5 antagonists and is why patients are screened for X4-tropic virus prior to starting a maraviroc regimen, de novo mutations altering coreceptor tropism do not appear to be the preferential pathway for resistance (22, 23) . Rather, resistant viruses emerging from in vivo and in vitro mutational pathways have been characterized as utilizing an inhibitor-bound conformation of CCR5 for entry (19, 20, 24) .
Resistance to MVC and a variety of other small-molecule CCR5 inhibitors has been generated in vitro by passage of inhibitor-sensitive viral isolates in sequential dose escalations of drug (20, (23) (24) (25) . Resistance is typically characterized as a reduction in the maximal percent inhibition (MPI) indicating usage of an inhibitor-bound conformation of CCR5 for entry. Although resistance is associated with a variety of amino acid changes observed in both gp120 and gp41, changes in the V3 loop have been identified as major contributors to the phenotype of resistance to nearly all CCR5 agonists and antagonists (26) . To date, no signature pattern of mutations has been identified as predictive of CCR5 antagonist resistance. Of greater significance, very few specific mutations have been observed more than once in MVC-resistant strains, suggesting that each diverse HIV-1 env gene may provide a different genetic pathway for developing resistance to coreceptor inhibitors.
Here, we report the isolation of MVC-resistant variants from a subtype A HIV-1 primary isolate which developed resistance over 21 weeks of tissue culture passage in the presence of dose escalations of inhibitor. Resistance in this virus appeared to map to a mutation in the C4 region of gp120. Drug sensitivity assays of gp120 chimeric virus clones derived from the resistant virus did not display reductions in MPI but, rather, showed increases in 50% inhibitory concentrations (IC 50 s) up to 40-fold compared to the parental virus. These pronounced shifts in IC 50 as well as the location of the primary resistance mutation in structural modeling predictions suggest a novel MVC resistance mechanism related to altered CD4 binding.
MATERIALS AND METHODS
Cells, viruses, and inhibitors. U87.CD4.CCR5 cells were obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH (27) . U87.CD4.CCR5 cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 g/ml penicillin-streptomycin, 300 g/ml G418, and 1 g/ml puromycin (Invitrogen, Carlsbad, CA). 293T cells were cultured in DMEM supplemented with 10% FBS and 100 g/ml penicillin-streptomycin. Peripheral blood mononuclear cells (PBMCs) were obtained from whole blood extracted from an HIV-negative donor by Ficoll-Paque centrifugation. PBMC cultures were stimulated with 1 g/ml phytohemagglutinin (PHA; Gibco, Carlsbad, CA) for 48 h in RPMI 1640 medium (Gibco) containing 10% FBS and 100 g/ml penicillinstreptomycin. Cells were maintained thereafter in RPMI 1640 medium with 10% FBS, 100 g/ml penicillin-streptomycin, and 10,000 U/ml interleukin-2 (IL-2; Gibco).
HIV-1 primary isolates (B6) 91US715 and (C8) 96USNG58 were obtained from the AIDS Research and Reference Reagent Program, while virus A74 was isolated from a Ugandan patient through the Center for AIDS Research core facility in Kampala, Uganda. Viral swarms were propagated in U87.CD4.CCR5 cells, and titers were determined by the Reed-Muench endpoint titration method (28) .
Maraviroc (MVC) and TAK-779 were diluted in phosphate-buffered saline (PBS), while enfuvirtide (T20) was diluted in ethanol.
Resistant virus isolation. Three viruses (A74, B6, and C8) were propagated on U87.CD4.CCR5 cells in a 6-well plate format (1.5 ϫ 10 5 cells/ well) using an initiating inoculum of virus (0.001 infectious unit/cell) in either the presence or absence of MVC. The inhibitor concentration was increased when viral replication was detected using a radiolabeled reverse transcriptase (RT) assay as previously described (29) . Equivalent volumes of supernatant (50 to 100 l) were passaged onto fresh U87.CD4.CCR5 cells either with or without inhibitor each week. Weekly supernatants were collected and frozen.
Multiple-replication-cycle drug susceptibility assays. U87.CD4. CCR5 cells were plated in a 96-well format (1 ϫ 10 4 cells/well) for 24 h. Cells were then treated for 2 h with 5-fold dilutions of MVC (100 M to 2 ϫ 10 Ϫ6 M) and then infected at a multiplicity of infection (MOI) of 0.001 infectious unit/cell. All assays were performed in triplicate. After 24 h, cells were washed in 1ϫ PBS to remove free virus, and medium containing the appropriate MVC dilutions was added. Viral replication was measured daily by radiolabeled reverse transcriptase assay using a Packard beta counter to quantify counts per minute. Drug sensitivity curves were generated using nonlinear regression curve fitting features of GraphPad Prism 5 software.
Construction of gp120 chimeric viruses. gp120 chimeric viruses were cloned into an NL4-3 backbone from passage control and virus passaged in the presence of MVC escalations using the yeast homologous recombination-gap repair technique (30) . From this point forward, the viruses and clones are referred to as PC.21.1 or MVC.21.1, where PC stands for "passage control," MVC stands for "maraviroc selected," 21 is the number of passages, and 1 is the clone number. The gp120 regions of the PC.1 (starting virus), PC.21, and MVC.21 viruses were PCR amplified using primers F_gp120 (5=-GACAGGTTAATTGATAGACTA-3=) and B_gp120 (5=-CTTCCTGCTGCTCCCAAGAAC-3=). Briefly, these gp120 PCR products were then cotransformed with SacII-linearized pREC_NFL_ ⌬gp120/URA3 into Saccharomyces cerevisiae MYA-906 cells (ATCC). Following homologous recombination, plasmids were extracted from the yeast cells and transformed into electrocompetent Escherichia coli Stbl4 cells (Invitrogen). Individual bacterial colonies were grown, and plasmids were extracted using Qiagen miniprep kits. Chimeric pREC_NFL_gp120 plasmids were cotransfected into 293T cells (3 ϫ 10 4 cells/well) along with the complementing plasmid pCMV_cplt using Fugene 6 reagent (Promega, Madison, WI) as described previously (30) . Heterodiploid virus particles containing one copy of the NFL and cplt HIV-1 RNAs represent approximately half of the virus derived from 293T cell transfections and can be propagated on U87.CD4.CCR5 cells to produce replication-competent virus with a complete virus genome. Titers of virus stocks of each clone were determined as described above and in reference 28.
Oligonucleotide ligation assay (OLA). The gp120 regions of the bulk passage control (PC.21) and resistant virus (MVC.21) were RT-PCR amplified using envend (5=-CTTTTTGACCACTTGCCACCCAT-3=) for reverse transcription and F_gp120/B_gp120 for subsequent PCR amplification. Oligonucleotides were designed for ligase discrimination reactions to bind upstream or downstream of the mutation sites observed in MVC.21 for envelope codons 117, 396, and 425. For each mutation site, we employed two upstream interrogator oligonucleotides to discriminate between and quantify the sequences R CGA and Q CAA at codon 117, sequences L TTA , G GGA , V GTA at codon 396, and sequences N AAT and K AAA at codon 425. A complete description of this ligase discrimination assay has been published previously (31) . The oligonucleotides designed specifically for this study are listed in Fig. S1 in the supplemental material.
Site-directed mutagenesis PCR method. The K425 mutation was introduced into the MVC.21.122 gp120 clone by a nested PCR amplification method. Two PCR fragments were generated from the pREC_NFL_gp120/ MVC.21.122 plasmid using primers F_gp120 with B_K425 (5=-CTACTCTT TGCCACATCTTTATAATTTGCTTTATTCTGCATGGAAGA-3=) and F_K425 (5=-TCTTCCATGCAGAATAAAGCAAATTATAAAGATGTGG CAAAGAGTAG-3=) with B_gp120. Underlined nucleotides in B_K425 and F_K425 primer sequences introduce the lysine residue at codon 425. Using products from these PCR amplifications as templates, a nested PCR was performed with primers F_gp120 and B_gp120 to generate the full gp120 region, which was subsequently cloned into pREC_NFL_⌬gp120/ URA3 by yeast homologous recombination as described above. Individual colonies were sequenced, and a single clone containing the K425 mutation was identified and named pREC_NFL_gp120/MVC.21.122.425K. Replication-competent virus was generated from this plasmid by cotransfec-tion in 293T cells and propagation in U87.CD4.CCR5 cells as described above.
In vitro fitness assays. The replicative fitness of PC.21 and MVC.21 gp120 chimeric viruses was assessed in head-to-head competition experiments in U87.CD4.CCR5 cells as described in reference 29. Cells were plated in a 48-well format (2 ϫ 10 5 cells/well) and infected in triplicate with viruses at an MOI of 0.0001 infectious unit/ml. Infected cells were collected 5 days postinfection, and genomic DNA was isolated using a Qiagen kit. The gp120 region was amplified from cellular DNA using F_gp120/B_gp120 as described above. Amplicons were probed for sequence identity at gp120 residues 117 and 425 using OLA as described previously (31, 32) . Frequency of wild-type or mutant residue identity versus total signal was used to determine viral fitness. The fitness difference (W D ) was calculated as the fitness of the resistant virus divided by the fitness of the sensitive virus.
Structural modeling. The structural model of the N425K mutant was generated from the crystal structure of gp120 in complex with CD4 and a tyrosine-sulfated antibody, 412d (Protein Data Bank [PDB] ID: 2QAD [3] ). The mutation of N425 to K425 was made in the model building program COOT (33) , and the local structure around the mutation was regularized using the same program. By a slight torsion of the K425 side chain, two close contacts can be made from the Nε of K425 with residues from CD4, including a cation-interaction with F43 of CD4.
Nucleotide sequence accession numbers. The DNA sequences for env (gp120) obtained in the course of this work were deposited in the GenBank/EMBL/DDBJ databases under the following accession numbers: JX993942 to JX993981.
RESULTS
Maraviroc-resistant mutant generated in cell culture. The concentration of entry inhibitor required to inhibit viral replication by 50% (IC 50 ) can vary up to 1,000-fold for HIV-1 primary isolates that have never been exposed to these drugs (34) . In the present study, we assessed "intrinsic" susceptibilities of HIV-1 subtype A, B, and C primary isolates to maraviroc. Multiple-cycle drug susceptibility assays were performed in U87.CD4.CCR5 cells in the presence of 5-fold-decreasing concentrations of MVC starting at 100 M. The subtype A primary isolate (A74) was less sensitive to MVC inhibition (IC 50 ϭ 10 nM) than the subtype B (B6) and C (C8) viruses, which had similar sensitivities (mean IC 50 ϭ 2 nM) (Fig. 1A) .
Given the differential sensitivities to MVC, these three primary isolates were passaged weekly in the presence of increasing MVC concentrations in U87 human glioma cells expressing CD4 and CCR5 to generate a maraviroc escape mutant (Fig. 1B) . As a control, viruses were also passaged in the absence of inhibitor to differentiate changes that occurred as a result of drug pressure versus selection during long-term culture. Reverse transcriptase (RT) activity was monitored in the cell-free supernatant for each weekly passage, and inhibitor concentration increased when RT activity reached 2-fold over background. Virus C8 cultures were abandoned after failure to produce robust RT activity in weeks 15 and 16. Although virus B6 cultures continued to produce RT activity through week 21, viruses collected from this passage remained sensitive to MVC, with IC 50 s for control and inhibitor-treated cultures of 8 nM and 14 nM, respectively (Table 1) . It is important to note that only one other study has selected for MVC resistance in vitro using primary HIV-1 isolates, and in this case, only 2 of 6 viruses challenged with drug developed resistance (20) . With other classes of antiretroviral drugs, there are hundreds of published reports on the in vitro selection of drug resistance by multiple research groups. However, in vitro patterns of resistance to CCR5 antagonists with overlapping CCR5 binding sites is limited to just seven published studies, yet each study describes a different mutational pathway to resistance (20, (23) (24) (25) (35) (36) (37) .
Drug susceptibility analyses of virus A74 at week 21 (MVC.21) in U87.CD4.CCR5 cells indicated that this virus was able to escape inhibition by MVC at concentrations Ͼ1,000-fold higher than the IC 50 for the input virus ( Fig. 2A) . At the highest drug concentration tested (100 M), MVC.21 was inhibited by 81%, indicating incomplete suppression of virus entry despite saturating levels of inhibitor. In addition to this reduction in the maximal percent inhibition (MPI), a shift in IC 50 to 216 nM was also observed for MVC.21, representing a 20-fold level of resistance compared to that of the inoculating virus. In contrast, the passage control virus (PC.21) demonstrated a slight hypersensitivity to MVC, with an IC 50 of 1 nM. While the use of cells lacking CXCR4 made a switch in coreceptor usage unlikely, tropism testing performed in U87.CD4.CXCR4 cells confirmed that no dualtropic or X4-tropic viruses arose during the 21 passages (data not shown).
The U87 human glioma cell line is stably transfected to express high levels of CD4 and CCR5 which do not accurately reflect levels on natural HIV-1 targets, e.g., CD4
ϩ T cells and macrophages. Therefore, multiple-cycle drug sensitivity assays were performed in peripheral blood mononuclear cells (PBMCs) isolated from an HIV-negative donor with PC.21 and MVC.21. The results confirmed those observed in the U87.CD4.CCR5 cells, with a reduction in MPI of MVC.21 to 73% and an IC 50 of 300 nM, compared to 5 nM for PC.21 (Table 1) .
MVC.21 cross resistant to another CCR5 antagonist. MVC.21 showed evidence of cross-resistance to another CCR5 antagonist, TAK-779, as indicated by replication in U87.CD4. CCR5 cells treated with a 99% inhibitory concentration (IC 99 ) (10 M) that completely blocked PC.21 virus replication (Fig. 2B ). TAK-779 (as well as VCV and APL) has been shown to bind a CCR5 transmembrane region similar to that bound by maraviroc and likewise alter coreceptor conformation (15) . Cross-resistance to TAK-779 would suggest a mechanism of resistance that permits this virus to overcome inhibition by multiple inhibitors in this class. In contrast, 10 M enfuvirtide (IC 99 ) mediated similar levels of MVC.21 and PC.21 inhibition in U87.CD4.CCR5 cells. As a fusion inhibitor, enfuvirtide, or T20, inhibits entry by targeting formation of the six-helix gp41 bundle and subsequent membrane fusion (38) . Lack of enfuvirtide resistance suggests that MVC resistance in MVC.21 is mediated by a mechanism that precedes membrane fusion and likely relates to receptor interactions. Multiple mutations throughout gp120 in resistant virus. Population sequencing of the envelope region of the PC.21 and MVC.21 viruses identified several amino acid substitutions related to MVC selection in the gp120 region but none in gp41. To identify specific mutations and linkage in gp120 related to MVC resistance, the gp120 region of the input (PC.1), passage control (PC.21), and MVC-treated virus from passages 7, 14, and 21 were PCR amplified from viral cDNA and cloned into the pREC_ NFL_⌬gp120/URA3 construct by yeast homologous recombination-gap repair (Fig. 3A) (30) .
Approximately 10 clones from each passage control (PC.1, PC week 7 [PC.7], PC.14, and PC.21) and 25 clones from each MVCtreated passage (MVC week 7 [MVC.7], MVC.14, and MVC.21) were sequenced to identify mutations (Ͼ140 clones) to determine the linked amino acids selected under MVC pressure. Nine gp120 amino acid substitutions were more prevalent in the MVC.21 clones than in the PC.1 and PC.21 clones (Fig. 3B) . Figure 3B employs a color coding system where a black box at a specific position indicates the predominate average amino acid in the inoculum virus (PC.1), while a red box represents the predominate average sequence in the MVC-treated virus (MVC.21). A total of 23 unique mutational patterns were identified based on this average sequence analyses. Some "mutant" amino acids (red box in Fig. 3B ) were observed in PC.1 and PC.21 clones and, likewise, some wild-type amino acids in the MVC.21 clones. Overall, the linkage pattern of these mutations in the MVC.21 population was complex, with only 6 of 23 clones (Fig. 3B ) having all nine mutations. Only one of nine clones in the input, or PC.1, virus had wild-type amino acids at all nine positions.
The frequencies of the wild-type versus mutant residues at these individual mutation sites were determined using the total number of sequenced clones. Three mutations (R117Q, L/G396V, and N425K) were found at high frequency in the MVC.21 clones but at low frequency in either the input or PC.21 clones (Fig. 4A , C, and H, respectively), suggesting their role in MVC resistance.
The V3 mutation Q315R was present at the same frequency in the PC.21 clones as in the MVC.21 clones (Fig. 4G) , suggesting that this mutation emerged with normal adaptation to U87.CD4. CCR5 tissue culture and not selected under drug pressure. The remaining mutations E33bG, KG138-139⌬⌬, Q290K, and D461E appeared at high frequency in the MVC.21 clones but were also found at frequencies of Ͼ25% in the input population (Fig. 4E, F , B, and D, respectively). In regard to linkage, the R117Q, L396V and N425K mutations were found together in 22 of 23 MVC.21 clones but never linked in the PC.1 or PC.21 virus. The N425K mutation was found in all but one of the 23 MVC.21 clones (except MVC.21.122) but was absent from all 17 of the PC.1 or PC.21 clones. The N425K mutation was not found in any of the 22 MVC.7 clones but was present in 8 of 13 MVC.14 clones, suggesting that this mutation arose between passages 7 and 14 (Fig. 5) .
To confirm the frequency of the putative MVC-resistant mutations in the viral populations, an oligonucleotide ligation assay (OLA) (39, 40) was performed using interrogator oligonucleotides specific to the mutations R117Q, L/G396V, and N425K on gp120 PCR products from cDNA of PC.21 and MVC.21 virus ( Table 2) . In this study, we could only predict the probability of linkage. Using this quantitative OLA, we found that the Q117 and V396 sequences were detected at frequencies of 0.94 and 0.97 in the MCV.21 virus population but at frequencies of 0.55 and 0.32 in the PC.21 virus population, respectively (Table 2 ). Based on the very low frequency of K425 in the PC.1 and PC.21 populations (ϳ7%) (near the limit of detection at 1%), it appears that the N425K mutation either arose as a de novo mutation in the MVC.21 population or was selected for from a very small fraction of the input virus. Sensitivity of selected A74 HIV-1 clones to MVC inhibition. Based on our cloning strategy, we have a diverse array of gp120 clones with different mutational patterns that represent nearly all combinations of single and multiple substitutions associated with MVC resistance (namely, R117Q, Q290K, L/G396V, D461E, E33bG, N425K, and the deletion of K138/G139). This limits the need for site-directed mutagenesis on virus to assess the contribution of each mutation (alone or in combination) to relative MVC resistance. Seven gp120 clones were selected to produce virus from 293T transfections (see Materials and Methods) (Fig. 6A ), which were then tested for MVC sensitivity in U87.CD4.CCR5 cells (Fig.  6B to D) . Although MVC.21.119 and MVC.21.132 share the same mutation profile for the nine MVC-associated amino acid sites in gp120, they do vary slightly in residues at other gp120 sites and are therefore not identical clones (see Fig. S2 in the supplemental material). The N33c, K187, G335, E337, K344, E351, I377, and A462 mutations found in MVC.21.119 and not in MVC. 21.132 were also identified at high frequency in the passage control. Although these sites were not selected for further studies, it is quite possible that these mutations were selected, for example, based on adaptation to tissue culture conditions and, coincidently, also contributed to MVC resistance.
Clones from the input virus (PC.1.1) and week 21 passage control (PC.21.109 and PC.21.111) were sensitive to MVC inhibition, with similar IC 50 s (Fig. 6B and C) 50 , to 34 and 37 nM, respectively ( Fig. 6B and C) . Importantly, MVC.21.123 retained the wild-type V3 mutation Q315 yet still demonstrated a moderate (11-fold) IC 50 shift and was able to replicate at high concentrations (Fig. 6D) 
FIG 3
Generation and characterization of gp120 chimeric virus. (A) Viral RNA was isolated from the indicated passage control and MVC-treated culture supernatants, and the gp120 regions were amplified after reverse transcriptase and nested PCR. gp120 regions were recombined into pREC_NFL_⌬gp120/URA3 vector using yeast homologous recombination as described in Materials and Methods. Individual bacterial colonies were selected as indicated in the table. (B) Full gp120 regions of clones from PC.1, PC.21, and MVC.21 were sequenced. Nine mutations were identified in MVC.21 clones and are indicated based on HXB2 reference virus numbering. Rows refer to individual gp120 clones, while columns refer to specific gp120 mutations. A black box indicates an average wild-type residue at that gp120 site, whereas a red box indicates that a mutation is present. The asterisks refer to clones harboring only mutations selected primarily in the MVC passage. Numbers of clones harboring mutations at specific gp120 sites are indicated below columns.
not associated with resistance in MVC.21. All four of these clones (119, 123, 128, and 132) had the triad of R117Q-, L396V-, and N425K-linked mutations. Clone MVC.21.122 had an IC 50 of 0.9 nM, similar to that observed for the PC.21 clones, despite having the R117Q and L396V mutations. Despite an apparent "lack" of MPI effect based on the drug susceptibility curves presented in Fig. 6C , viral replication was detected on radiograms (see Fig. S2 in the supplemental material). The counts per minute were quantified by beta counter (see Materials and Methods) for clones 119, 123, 128, and 132 at the highest concentrations of MVC (4, 20, and 100 M) and at 1 ϫ 10 Ϫ5 M MVC, which did not result in significant MVC inhibition (Fig. 6C) . At the highest MVC concentrations, the level of RT activity for the MVC-sensitive clone PC.21.109 was just above background (Ͻ10 cpm), representing 99.9% inhibition (Fig. 6C  and D) . With the MVC-resistant clone MVC.21.119 at these MVC concentrations, the level of RT was 100 to 300 cpm or Ͼ100-fold above background, representing 97% inhibition. These differ- ences for the MVC-resistant clones were highly significant (P Ͻ 0.001) and represented a low but consistent MPI effect. Relative fitness of MVC-resistant and -sensitive HIV-1 clones. The R117Q, Q290K, L/G396V, and D461E mutations have a higher frequency (5 to 30%) in the HIV-1 subtype A population in the human epidemic, whereas the lysine at 425 was found in less than 2% of HIV-1 subtype A envelope sequences (Table 3 (Table 3 ). These findings suggest that R117Q, Q290K, L/G396V, D461E, and E33bG have a lower genetic barrier for mutation and less impact on replicative fitness than the N425K mutation. However, we have previously shown that env mutations conferring resistance to entry inhibitors may not always confer a replicative fitness cost. Their low frequency in the HIV-1 population (i.e., low population fitness) may be attributable to other factors such as cellular tropism and sensitivity to neutralizing antibodies or cell-mediated cytotoxic T cell killing. We performed pairwise competitions between three MVC-sensitive clones (PC. clone remained MVC sensitive (Fig. 6B to D) . Interestingly, all of the MVC-resistant clones were actually more fit than MVC sensitive clones PC.1.1 and PC.21.109. The clone (MVC.21.132) with the lowest level of MVC resistance (10-fold) was also the least fit of the MVC-resistant clones, losing the competition against PC.21.109. In contrast, the MVC-sensitive clone MVC.21.122 (lacking N425K) could compete against the MVC-resistant clones, suggesting that the mutations (R117Q, Q290K, L/G396V, D461E, and E33bG) may actually confer fitness increases and compensate for the loss of fitness conferred by N425K. K425 is the primary resistance mutation. MVC.21.122 was the only clone from the MVC-resistant population that lacked the N425K mutation in the C4 region of gp120 and the only clone not to exhibit an MVC resistance phenotype (Fig. 6B and C) . This observation indicated that the K425 mutation was likely essential for resistance in MVC.21. Site-directed mutagenesis was performed to introduce the K425 mutation into the MVC.21.122 clone and to confirm the role of this mutation in MVC resistance. Using the drug inhibition assays described above, we observed a dramatic decrease in susceptibility of MVC.21.122.425K to maraviroc, i.e., a 36-fold shift in IC 50 from 0.9 nM to 33 nM (Fig. 8A) , as well as replication of MVC.21.122.K425 at 100 M MVC (Fig. 8B) .
Shift in IC 50 versus the MPI effect denotes MVC resistance. As described above, resistance to CCR5 antagonist is generally .109, and PC.1.1) were measured using a standard 50% tissue culture infective dose assay (45) . A pairwise competition was performed, using competition between the MVC-resistant and -sensitive gp120 clones in U87.CD4.CCR5 cells using equal MOIs of the viruses (0.0001 infectious unit/ml). Infected cells were harvested at peak viremia (day 5), and the relative frequency of each virus in the competition was measured using OLA to distinguish and quantify the amount of one virus versus the other (as described in reference 21). The fitness difference (or ratio of the relative fitness values) was calculated as described, and the results are presented. Shaded bars indicate that the resistant clone won the competition, whereas the absence of shading indicates that the resistant clone lost the competition. related to continued virus replication at even the highest achievable drug concentrations in culture. For example, the CC1/85 MVC-resistant virus containing the T316 and V323 V3 loop mutations is capable of replicating at a 25% level in the presence of 1 M MVC compared to the absence of drug; however, no shift in IC 50 is apparent (20) . When changes in IC 50 s have been associated with CCR5 resistance, they have been in the context of reduced maximal inhibition, which can be modulated by cell receptor density (41) . With our MVC-resistant virus, there is a mixed resistant phenotype. By simply plotting the percent relative inhibition versus drug concentration, the shift in IC 50 is quite clear and similar to the increases in IC 50 characteristic of resistance to all other antiretroviral drugs aside from CCR5 antagonists. In addition to this drug resistance phenotype, the MVC-resistant clones bearing the K425 mutation showed low but significant levels of virus replication at even the highest drug concentrations ( Fig. 6D ; see also Fig. S2 in the supplemental material) . However, this MPI effect was much less pronounced than with other MVC-resistant viruses, as previously reported (37) . Despite MPI values of Ͼ95% for MVC.21 clones 119, 123, 128, and 132, virus replication was detectable even with 100 M MVC, whereas no replication was observed with the MVC-sensitive clones 1, 109, and 122 ( Fig. 6D ; see also Fig. S2) .
Model of K425 in gp120 structure suggests a role in CD4 binding affinity. The N425 residue is located in the ␤20 sheet of the gp120 bridging sheet, as illustrated in Fig. 9 using the crystal structure of HIV-1 gp120 Yu-2 complexed with CD4 and a tyrosinesulfated 412d antibody (3). These four anti-parallel beta sheets of gp120 comprise the complete CD4 and partial coreceptor binding sites. This 425 position as either an asparagine or lysine is found distal from the gp120 region thought to interact with the N terminus of CCR5. However, N425 is specifically located within a cavity known to interact with phenylalanine 43, found within the D1 domain of CD4. N425 gp120 and F43 CD4 are not predicted to form direct interactions. However, when K425 is modeled into the structure using the COOT modeling program, the side chain of K425 is predicted to form a hydrogen bond with the oxygen of S42 CD4 as well as generate a new cation-interaction between the aromatic ring of F43 CD4 and the Nε side chain of K425. Since F43 of CD4 is known to be a critical residue for gp120 binding (42) (43) (44) , our model would suggest that enhanced interactions with CD4 may play a role in the resistance mechanism of A74.MVC.21 virus.
DISCUSSION
HIV-1 enters a host cell by engaging two receptors, CD4 and one of two seven-transmembrane G-coupled protein receptors, CCR5 or CXCR4. With a few exceptions, nearly all new HIV-1 infections are established with a CCR5-using virus, while the CXCR4-using virus emerges only in late disease in approximately 50% of infected individuals. The clear predominance of R5 HIV-1 during asymptomatic disease led to the rapid preclinical development of several CCR5 agonists and antagonists. The CCR5 agonists, such as AOP-RANTES or PSC-RANTES, displayed higher per-mole potency than the small-molecule CCR5 antagonists but also resulted in receptor downregulation, some aberrant signal transduction, and increased potential for inflammatory responses (45) (46) (47) (48) (49) (50) . Of the various CCR5 antagonists, only three reached advanced stages of clinical trials and only maraviroc was approved first for salvage-based treatment and then for first-line treatment in combination with nucleoside analogs (51, 52) . For the most part, virologic failures with MVC-based treatment regimens have been poorly characterized and generally complicated by the preexistence of multidrug-resistant genotypes in these heavily treated patients (16, 53, 54) . When MVC is used as a salvage-based treatment regimen, resistance commonly relates to the rapid selection of preexisting X4-using HIV-1 in the intrapatient HIV-1 population (16) . These CXCR4-using clones can be detected, even at low frequencies, by phenotypic assays (55) . Consequently, MVC resistance via altered CCR5 binding or increased receptor affinity is rarely observed in MVC treatment failures (19, 20) . However, in the absence of X4-using virus prior to treatment, altered CCR5 usage may be a more common pathway for MVC resistance than a de novo emergence of X4-using virus, i.e., mutations resulting in higher genetic or fitness barriers.
In addition to inefficient screening for X4-using viruses, there are several problems in measuring MVC resistance during treatment. First, nearly 30% of the MVC treatment failures (without resistance to the other drugs in the regimen) did not show characteristic resistance to MVC (53, 56) . Second, current phenotypic assays using single-cycle entry may be skewed for the detection of the MPI effect (16, 20) . Third, a different evolutionary pathway in env was associated with every MVC-resistant virus that retains CCR5 binding (19, 20, 37) . Fourth, it is commonly assumed that these MVC-resistant viruses can utilize drug-bound forms of the receptor based on incomplete inhibition even at the highest MVC concentrations (20) . However, there are other studies to suggest that increased kinetics of host cells could lead to resistance to CCR5 agonists and antagonists (25, 39, 45, 57) . Two independent studies have shown that mutations in the gp41 domain may en- hance virus-host membrane fusion, the last step in host cell entry (39, 58) . In these cases, rapid formation of the six-alpha-helix bundle may help the transition from the rate-limiting step of Env engagement with CCR5, with or without the inhibitor. Additionally, improved CD4 binding affinity has been associated with resistance to CCR5 antagonists in laboratory-adapted viruses (17, 59) . In these studies, deletion of portions of the V3 loop region resulted in virus with enhanced CD4 binding and the ability to utilize CCR5 antagonist-bound CCR5. Collectively, these observations, caveats, and exceptions with HIV-1 resistance to CCR5 antagonist suggest that divergent evolution within drug-sensitive env genes does not necessarily result in convergence to a specific resistance mechanism.
Our in vitro selection experiments for MVC resistance started with three primary HIV-1 isolates, but only a subtype A virus (A74) developed MVC resistance over a 6-month period. This MVC-resistant virus retains CCR5 binding and does not switch coreceptor usage. Approximately 6 million individuals are infected worldwide with HIV subtype A as a pure clade or in a recombinant form (60) . Unlike in previous studies (19, 20, 37) , a V3 loop mutation is not associated with resistance and our MVCresistant virus displays only a weak MPI effect. Instead, resistance is described as a Ͼ20-fold shift in the concentrations required to inhibit 50% of the resistant versus wild-type virus. This increase in IC 50 s is typical for HIV-1 resistance to nearly all antiretroviral drugs but is rarely observed with HIV-1 resistant to CCR5 antagonists. As in previous studies, our MVC-resistant A74 virus had mutations scattered throughout the gp120 coding region that appeared to be selected due to drug pressure. However, most of these mutations had minimal effect on the resistance phenotype but may stabilize the N425K mutation found in the C4 domain. This observation was clearly demonstrated with the MVC-sensitive MVC.21.122 clone, which harbored the R117Q, Q290K, L396V, and D461E mutations but lacked the N425K mutation. When the N425K mutation was introduced into the MVC.21.122 clone, this virus became highly resistant to MVC (Ͼ36-fold increase in IC 50 s). It is important to note that the level of MVC resistance and the MPI effect of the virus population appear greater than the sum of MVC resistance and the MPI effects for each of the selected clones. This is partly related to disproportional testing of clones with unique mutational patterns rather than repeat testing of the dominant clones with the same mutational pattern. In addition, there is no conclusive evidence that the level of "drug resistance" in the HIV-1 population always reflects the cumulative drug resistance of the individual clones. A complex interplay and competition between clones within the virus population may affect the outcome of drug susceptibility assays.
As described above, most diverse HIV-1 isolates appear to follow different evolutionary pathways to MVC resistance, but all have been linked to emergence of a V3 loop mutation. These V3 loop mutations are often found at high frequency in the untreated HIV-1 populations, suggesting higher entropy, low cost on replicative fitness, and a lower genetic barrier to resistance. We have previously shown that env mutations conferring resistance to entry inhibitors were often associated with increased replicative fitness, i.e., directly related to enhanced host cell entry efficiency (39, 45, 57) . This is in sharp contrast to decreased replicative fitness observed with acquired resistance to nearly all other antiretroviral drugs. However, drug resistance mutations conferring lower fitness costs are often found at higher frequencies in the untreated HIV-1 population or within the intrapatient population. For example, there is a low genetic and fitness barrier to nevirapine (NVP) resistance via the K103N mutation (61, 62) , which reflects (i) the slow reversion of this mutation following cessation of NVP treatment (63) (64) (65) and (ii) increasing circulation and transmission of the K103N virus within the human population where NVP-based treatment regimens are most prevalent (66) . In this study, we have shown that the collection of E33bG, R117Q, Q290K, L/G396V, N425K, and D461E selected under MVC pressure resulted in virus of higher replicative fitness than the wildtype passage control virus. With the exception of the N425K mutation, these mutations are found in relatively high proportions of HIV-1 among the subtype A population and within the group M HIV-1 population in general. Thus, these findings suggest a low genetic barrier for these mutations and limited fitness cost. We did not observe a wild-type virus containing all of these natural polymorphisms. Thus, the emergence of all mutations may follow a complex fitness landscape which, in this case, is directed by MVC selective pressure and emergence of resistance. In contrast to the relatively high frequency of these polymorphisms, the N425K mutation is found in Ͻ1% of all HIV-1 sequences in the Los Alamos Database (n ϭ 61,096) and has never been associated with resistance to any entry inhibitor. Interestingly, the unique MVC-sensitive clone which emerged under MVC selective pressure, i.e., MVC.21.122, had a higher replicative fitness than the highly MVC-resistant viruses MVC.21.119 and MVC.21.128. All three of the viruses contained the R117Q mutation, deletion of residues 138 and 139, and the L/G396V mutation, but the more fit MVC.21.122 lacked the primary drug resistance mutation, N425K. These findings suggest that N425K mutation may confer a fitness cost which is compensated by the linked R117Q and L/G396V mutations.
It is important to stress that resistance to entry inhibitors based on Env mutations is less predictable in terms of replicative fitness costs. Nearly all mutations for resistance to the RT inhibitors, protease inhibitors, and integrase inhibitors confer a fitness cost (67) . In contrast, higher replicative fitness is often related to resistance to CCR5 antagonists and agonists even when the drug is absent (39, 45, 57) . This increased replicative fitness of the virus resistant to the CCR5 agonist or antagonist is commonly related to enhanced CCR5 binding affinity (with or without bound inhibitor) and faster CCR5 binding kinetics, which is the rate-limiting step in the host cell entry process. We are now attempting to introduce the N425K mutation into the env gene of other subtypes, such as subtype B, but have failed to obtain an infectious virus. It is quite likely that the compensatory mutations, E33bG, R117Q, Q290K, L/G396V, and D461E, are required to stabilize N425K. However, these compensatory mutations may be subtype A specific, and another set of compensatory mutations may be required. As part of more detailed studies on the N425K mutation and its interaction with CD4, we are currently exploring the direct impact of this mutation on replicative fitness, entry efficiency, CD4 affinity, and other parameters.
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